Abstract: Air-sea interactions play an important role in atmospheric circulation and boundary layer conditions through changing convection processes and surface heat fluxes, particularly in coastal areas. These changes can affect the concentrations, distributions, and lifetimes of atmospheric pollutants. In this Part II paper, the performance of the Weather Research and Forecasting model with chemistry (WRF/Chem) and the coupled WRF/Chem with the Regional Ocean Model System (ROMS) (WRF/Chem-ROMS) are intercompared for their applications over quadruple-nested domains in Australia during the three following field campaigns: The Sydney Particle Study Stages 1 and 2 (SPS1 and SPS2) and the Measurements of Urban, Marine, and Biogenic Air (MUMBA). The results are used to evaluate the impact of air-sea interaction representation in WRF/Chem-ROMS on model predictions. At 3, 9, and 27 km resolutions, compared to WRF/Chem, the explicit air-sea interactions in WRF/Chem-ROMS lead to substantial improvements in simulated sea-surface temperature (SST), latent heat fluxes (LHF), and sensible heat fluxes (SHF) over the ocean, in terms of statistics and spatial distributions, during all three field campaigns. The use of finer grid resolutions (3 or 9 km) effectively reduces the biases in these variables during SPS1 and SPS2 by WRF/Chem-ROMS, whereas it further increases these biases for WRF/Chem during all field campaigns. The large differences in SST, LHF, and SHF between the two models lead to different radiative, cloud, meteorological, and chemical predictions. WRF/Chem-ROMS generally performs better in terms of statistics and temporal variations for temperature and relative humidity at 2 m, wind speed and direction at 10 m, and precipitation. The percentage differences in simulated surface concentrations between the two models are mostly in the range of ±10% for CO, OH, and O 3 , ±25% for HCHO, ±30% for NO 2 , ±35% for H 2 O 2 , ±50% for SO 2 , ±60% for isoprene and terpenes, ±15% for PM 2.5 , and ±12% for PM 10 . WRF/Chem-ROMS at 3 km resolution slightly improves the statistical performance of many surface and column concentrations. WRF/Chem simulations with satellite-constrained boundary conditions (BCONs) improve the spatial distributions and magnitudes of column CO for all field campaigns and slightly improve those of the column NO 2 for SPS1 and SPS2, column HCHO for SPS1 and MUMBA, and column O 3 for SPS2 at 3 km over the Greater Sydney area. The satellite-constrained chemical BCONs reduce the model biases of surface CO, NO, and O 3 predictions at 3 km for all field 
Impact of Explicit Representations of Air-Sea Interactions

Sea Surface Temperature and Surface Fluxes
Air-sea interactions affect the marine boundary layer through the exchange of heat and momentum fluxes, which further affects large scale circulation, cloud formation, and precipitation, all of which in turn affect chemical concentrations of air pollutants. Unlike WRF/Chem-ROMS, that explicitly simulates air-sea interactions, WRF/Chem does not simulate air-sea interactions, instead, it uses prescribed SST from NCEP high-res SST analysis (RTG_SST) analysis data. To evaluate the impacts of explicit representation of air-sea interactions through the coupling of WRF/Chem and ROMS, simulated SST, latent heat flux (LHF), and sensible heat flux (SHF) from WRF/Chem-ROMS and prescribed SST and simulated LHF and SHF from WRF/Chem are evaluated using the Objectively Analyzed Air-Sea Fluxes (OAFlux) data [22] . Tables 1-3 compare the performance statistics in terms of mean bias (MB) and normalized mean bias (NMB) for SST and Tables 4-6 compare MBs and NMBs of LHF and SHF simulated by WRF/Chem-NCSU and WRF/Chem-ROMS over oceanic areas during SPS1, SPS2, and MUMBA, respectively. Figures 1 and 2 compare prescribed SST based on the NCEP high-res SST analysis data by WRF/Chem-NCSU and simulated SST by WRF/Chem-ROMS at 27 and 3 km grid resolutions, respectively, with estimated SST from a combined satellite retrievals, modeling, and reanalysis dataset, OAFlux, over the Greater Sydney area (d04). Figure 3 and Figure S1 and Figure 4 and Figure S2 compare simulated LHF and SHF, respectively, by both models at 27 and 3 km grid resolution with OAFlux estimates over d04. For SPS1, mean biases (MBs) of SST are 0.9 • C from WRF/Chem at all grid resolutions but 1.4 • C, 1.0 • C, 0.5 • C, and 0.6 • C from WRF/Chem-ROMS at 81, 27, 9, and 3km, respectively. Although SST from both models is higher than SST from OAFlux, the use of finer grid resolutions (3 and 9km) reduces the mean biases in simulated SST by WRF/Chem-ROMS. For SPS2, MBs of SST are 1.8 • C, 2.4 • C, 2.6 • C, and 2.9 • C from WRF/Chem and −1.7 • C, −0.5 • C, −0.4 • C, and −0.1 • C from WRF/Chem-ROMS at 81, 27, 9, and 3 km, respectively. The use of finer grid resolutions reduces the biases to a much larger extent than SPS1 in simulated SST by WRF/Chem-ROMS, whereas it further increases the warm biases for WRF/Chem. While prescribed SST from WRF/Chem is much higher than SST from OAFlux over most of the oceanic area, that from WRF/Chem-ROMS shows a substantial improvement over most of the oceanic area, except along the coastal areas where slight underpredictions occur. For MUMBA, MBs of SST are in the range of −3.3 • C to −2.9 • C from WRF/Chem and much smaller (−0.5 • C to 0.4 • C) from WRF/Chem-ROMS at all grid resolutions. Compared to WRF/Chem that has increasing cold biases as the spatial grid resolution increases, the explicit representation of air-sea interactions in WRF/Chem-ROMS significantly reduces the magnitudes of MBs in simulated SST even at a coarse grid resolution (81 or 27 km). Table 1 . Mean bias (MB) and normalized mean bias (NMB) of meteorological and chemical variables from WRF/Chem and WRF/Chem-ROMS simulations at 81 km (d01), 27 km (d02), 9 km (d03), and 3 km (d04) over the 3 km domain (d04) for the SPS1 field campaign. Although using a finer grid resolution does not give the lowest MB among the four simulations, the MBs of WRF/Chem-ROMS are all much smaller compared to those from WRF/Chem. As shown in Figures 1 and 2 , despite some underpredictions along the coastal areas, the SST gradients in WRF/Chem-ROMS are much closer to the SST from OAFlux.
WRF/Chem-ROMS
For SPS1, NMBs of LHF are in the range of 39.8%-43.7% from WRF/Chem but 23.4%-49.4% from WRF/Chem-ROMS. Despite moderate overpredictions against OAFlux, the NMBs in simulated LHF by WRF/Chem-ROMS are greatly reduced at 3 and 9 km resolution, compared to those by WRF/Chem, especially over remote oceanic areas. The use of finer grid resolutions reduces the biases in simulated LHF by WRF/Chem-ROMS to a larger extent than those from WRF/Chem. For SPS2, NMBs of LHF range from 53.4% to 67.0% for WRF/Chem and from −19.9% to 1.8% for WRF/Chem-ROMS, indicating a substantial improvement by WRF/Chem-ROMS because of the explicit representation of air-sea interactions. The use of finer grid resolutions significantly reduces the biases for WRF/Chem-ROMS but further increases NMBs for WRF/Chem. As shown in Figure S1 in the Supplemental Material, the overpredictions of LHF by WRF/Chem occur over all oceanic areas. In contrast, WRF/Chem-ROMS captures the magnitude and gradient of LHF from OAFlux much better than WRF/Chem. For MUMBA, NMBs of LHF are in the range of −56.7% to −51.4% for WRF/Chem and −9.9% to 5.3% from WRF/Chem-ROMS. Similar to SST, the explicit representation of air-sea interactions in WRF/Chem-ROMS significantly reduces NMBs in simulated LHF, even at a coarse grid resolution (81 or 27 km). As shown in Figure 3 , despite some underpredictions along the coastal areas, WRF/Chem-ROMS more accurately captures the magnitudes and gradients of LHF than WRF/Chem.
Similar to SST and LHF, the explicit representation of air-sea interactions in WRF/Chem-ROMS significantly reduces NMBs in simulated SHF, even at a coarse grid resolution (81 or 27 km). For SPS1, NMBs of SHF are 90.8%, 78.0%, 73.2%, and 56.4% from WRF/Chem but 74.2%, 45.2%, 27.3%, and 16.0% from WRF/Chem-ROMS at 81, 27, 9, and 3 km resolution, respectively. Although SHF overpredictions occur for both models, the NMBs in simulated SHF by WRF/Chem-ROMS are greatly reduced for all domains comparing to those by WRF/Chem. The use of finer grid resolutions reduces the biases in simulated SHF by WRF/Chem-ROMS to a larger extent than those from WRF/Chem. For SPS2, NMBs of SHF are 12.5%, 25.4%, 31.0%, and 31.8% from WRF/Chem and −45.3%, −29.9%, −26.2%, and −22.9% from WRF/Chem-ROMS at 81, 27, 9, and 3 km resolution, respectively, indicating a better performance in d03 and d04 by WRF/Chem-ROMS. The use of finer grid resolutions reduces the biases for WRF/Chem-ROMS but increases NMBs for WRF/Chem. As shown in Figure S2 , the overpredictions of SHF by WRF/Chem occur over all oceanic areas whereas underpredictions of SHF by WRF/Chem-ROMS occur but to a lesser extent. For MUMBA, although the use of finer grid resolution increases the magnitudes of NMBs for both models, the NMBs from WRF/Chem-ROMS are much smaller than those from WRF/Chem. As shown in Figure 4 , despite some underpredictions along the coastal areas, WRF/Chem-ROMS more accurately captures the magnitudes and gradients of SHF than WRF/Chem.
Although no observed LHF and SHF are available over land areas, particularly in the coastal areas, it is reasonable to assume that WRF/Chem-ROMS predicts more accurate LHF and SHF over land than WRF/Chem based on the model evaluation over oceanic areas. 
Radiative and Meteorological Predictions
Differences in SST, LHF, and SHF between the two models lead to differences in radiative and meteorological predictions. Figure S3 and Figure 5 show the absolute differences in the spatial distributions of several radiative and meteorological variables, respectively, over d04 between WRF/Chem-ROMS and WRF/Chem. Compared to predictions from WRF/Chem, net shortwave radiation predictions from WRF/Chem-ROMS are generally higher over coastal and most oceanic areas for all field campaigns, higher for MUMBA but lower for SPS2 over land, and either higher or lower over land for SPS1. The absolute and percentage differences between net shortwave radiation simulated by WRF/Chem-ROMS and WRF/Chem range from −15 to 21.8 W m −2 and −7.3% to 18%, respectively. Downward longwave radiation predictions from WRF/Chem-ROMS are lower over coastal and most oceanic areas for SPS1 and SPS2 but higher for MUMBA, with absolute and percentage differences of −14.5 to 9.2 W m −2 and −4.1% to 2.6%, respectively. The differences in shortwave cloud forcing predictions between the two models are the opposite to those in net shortwave radiation, because WRF/Chem-ROMS tends to give lower cloud fractions over oceanic and coastal areas, which increases net shortwave radiation and reduces shortwave cloud forcing in those areas. The absolute differences in shortwave cloud forcing are from −21.0 to 13.1 W m −2 . Most percentage differences in shortwave cloud forcing are within ±20%. The differences in 2 m temperature (T2) predictions between the two models are driven mainly by changes in SHF, LHF, and downward longwave radiation over oceanic areas but changes in LHF and net shortwave radiation over land areas. The absolute and percentage differences in T2 range from −5.4 to 2.6 • C and −31.7% to 13.1%, respectively. The patterns of differences in predictions of 10 m wind speed (WS10) and PBLH between the two models generally follow those in T2 predictions. The absolute and percentage differences in WS10 range from −0.9 to 0.7 m s −1 and −15.2% to 30.8%, respectively. The absolute and percentage differences in PBLH range from −323 to 244 m and −37.3% to 73.1%, respectively. For MUMBA, the increases in LHF and SHF deepen the PBLH, particularly over the ocean, and increase the formation of convective clouds. The opposite occurs for SPS1 and SPS2, because of decreased LHF and SHF. The absolute differences in precipitation predictions occur in either direction with a range of −14.7 to 8.5 mm day −1 , and most percentage differences are within ±50%. The simulated precipitation is generally higher over land areas for SPS1 and SPS2 but oceanic areas for MUMBA by WRF/Chem-ROMS than by WRF/Chem. Tables 4-6 also compare MBs and NMBs between the two models for radiative and cloud variables. For SPS1, the performance statistics for radiative and cloud variables against satellite retrievals are overall very similar for all simulations at different grid resolutions, despite slightly worse performance for WRF/Chem-ROMS. For SPS2, WRF/Chem-ROMS gives slightly worse performance for net shortwave radiation, downward longwave radiation, shortwave and longwave cloud forcing, cloud optical thickness, cloud condensation nuclei, cloud liquid water path, and but better performance for cloud fraction and precipitating water vapor over Greater Sydney area. For MUMBA, WRF/Chem-ROMS gives slightly worse performance for downward longwave radiation, shortwave cloud forcing, cloud fraction, cloud liquid water path, and precipitating water vapor, but better performance for net shortwave radiation, longwave cloud forcing, cloud optical thickness, and cloud condensation nuclei over d04. Tables 1-3 compare MBs and NMBs between the two models for meteorological variables. For T2, comparing to domain-mean MBs from WRF/Chem, MBs from WRF/Chem-ROMS are lower at all grid resolutions except at 3 km for SPS1 and except at 81 and 9 km for SPS2 (similar at other grid resolutions for both SPS1 an SPS2), and much lower at all grid resolutions for MUMBA. For 2 m relative humidity (RH2), MBs from WRF/Chem-ROMS are lower at all grid resolutions for SPS2 and MUMBA and similar at all grid resolutions for SPS1. For WS10, MBs from WRF/Chem-ROMS are lower at all grid resolutions for SPS2 and at all grid resolutions except for 81km for MUMBA and similar at all grid resolutions for SPS1 and at 81km for MUMBA. For 10 m wind speed (WD10), MBs from WRF/Chem-ROMS are lower at all resolutions except 27 km and 9 km for SPS1, at all resolutions except 9 km for SPS2, and at 81 km for MUMBA, and similar at all other grid resolutions for those field campaigns. For precipitation against observations, MBs from WRF/Chem-ROMS are lower at all grid resolutions except at 9 km for SPS1, except at 81 km for SPS2, and except at 27 and 3 km for MUMBA, and similar at all other grid resolutions for all field campaigns. The largest improvement occurs for SPS2, reducing NMBs of precipitation against OBS from −46.7% to −31.3% at 3 km, from −44.0% to −30.2% at 9 km, and from −32.9% to −12.1% at 27 km. For precipitation against observations from the Multi-Source Weighted-Ensemble Precipitation (MSWEP), MBs from WRF/Chem-ROMS are lower at 3 km for SPS1, and at all grid resolutions except at 81 km for SPS2, and at 81 and 9 km for MUMBA. The largest improvement also occurs for SPS2, reducing NMBs of precipitation against MSWEP from −48.3% to −33.4% at 3 km, from −45.7% to −32.3% at 9 km, and from −35.0% to −14.8% at 27 km. For precipitation against the Global Precipitation Climatology Project (GPCP), WRF/Chem-ROMS improves the performance slightly for SPS1 and MUMBA but significantly for SPS2. Compared to WRF/Chem results, the NMB of precipitation from WRF/Chem-ROMS against GPCP data over d04 at 3, 9, and 27 km resolution during SPS2 reduces from 21.3% to −6.6%, from 27.7% to 0.3%, and from 70.0% to 23.5%, respectively. 
Differences in SST, LHF, and SHF between the two models lead to differences in radiative and meteorological predictions. Figures S3 and 5 show the absolute differences in the spatial distributions of several radiative and meteorological variables, respectively, over d04 between WRF/Chem-ROMS and WRF/Chem. Compared to predictions from WRF/Chem, net shortwave radiation predictions from WRF/Chem-ROMS are generally higher over coastal and most oceanic areas for all field Badgery's Creek, Bankstown Airport, Bellambi, Camden Airport, Richmond RAAF, Sydney Airport, Williamtown RAAF, and Wollongong Airport) from both models against observations at 3 km resolution during MUMBA. Compared to WRF/Chem-NCSU, WRF/Chem-ROMS gives much closer agreement to observed T2 during both daytime and nighttime. This is because of more accurate predictions of SST, SHF, and LHF by WRF/Chem-ROMS. The differences between the two model predictions are generally larger at coastal sites (e.g., Sydney Airport, Bellambi, and Wollongong Airport) than at inland sites, because the T2 and other meteorological predictions are more sensitive to the differences in the air-sea interaction representation between the two models. Figure 7 compares simulated temporal profiles of WS10 at the 8 sites from both models against observations at 3 km resolution during SPS2. Compared to WRF/Chem-NCSU, WRF/Chem-ROMS generally gives less overpredictions for WS10 during most days at Badgery's Creek, Camden Airport, Williamtown RAAF, and Wollongong Airport and some days at other sites. Figure 8 compares simulated temporal profiles of precipitation at 6 selected BoM sites from both models against observations at 3 km resolution during SPS1, SPS2, and MUMBA. During SPS1, WRF/Chem-ROMS tends to give slightly higher precipitation during several days at all sites, except for Sydney airport and Williamtown RAAF. However, its predictions agree better with observations on some days, leading to slightly smaller NMBs (3.5% vs. 8 −32.3% at 9 km, and from −35.0% to −14.8% at 27 km. For precipitation against the Global Precipitation Climatology Project (GPCP), WRF/Chem-ROMS improves the performance slightly for SPS1 and MUMBA but significantly for SPS2. Compared to WRF/Chem results, the NMB of precipitation from WRF/Chem-ROMS against GPCP data over d04 at 3, 9, and 27 km resolution during SPS2 reduces from 21.3% to −6.6%, from 27.7% to 0.3%, and from 70.0% to 23.5%, respectively. Figure 6 compares simulated temporal profiles of T2 at 8 Bureau of Meteorology (BoM) sites (i.e., Badgery's Creek, Bankstown Airport, Bellambi, Camden Airport, Richmond RAAF, Sydney Airport, Williamtown RAAF, and Wollongong Airport) from both models against observations at 3 km resolution during MUMBA. Compared to WRF/Chem-NCSU, WRF/Chem-ROMS gives much closer agreement to observed T2 during both daytime and nighttime. This is because of more accurate predictions of SST, SHF, and LHF by WRF/Chem-ROMS. The differences between the two model predictions are generally larger at coastal sites (e.g., Sydney Airport, Bellambi, and Wollongong Airport) than at inland sites, because the T2 and other meteorological predictions are more sensitive to the differences in the air-sea interaction representation between the two models. Figure 7 compares simulated temporal profiles of WS10 at the 8 sites from both models against observations at 3 km resolution during SPS2. Compared to WRF/Chem-NCSU, WRF/Chem-ROMS generally gives less overpredictions for WS10 during most days at Badgery's Creek, Camden Airport, Williamtown RAAF, and Wollongong Airport and some days at other sites. Figure 8 compares simulated temporal profiles of precipitation at 6 selected BoM sites from both models against observations at 3 km resolution during SPS1, SPS2, and MUMBA. During SPS1, WRF/Chem-ROMS tends to give slightly higher precipitation during several days at all sites, except for Sydney airport and Williamtown RAAF. However, its predictions agree better with observations on some days, leading to slightly smaller NMBs (3.5% vs. Figure 9 and Figure S4 compare the spatial distributions of simulated precipitation from both models against those from GPCP over southeastern Australia at 27 km resolution (d02) and the Greater Sydney area at 3 km resolution (d04) during SPS2 and MUMBA, respectively. During SPS2, compared to GPCP, precipitation is overpredicted with an NMB of 21.8% and 21.3% by WRF/Chem but underpredicted with an NMB of −3.7% and −6.6% by WRF/Chem-ROMS at 27 km resolution over d02 and at 3 km resolution over d04, respectively. Overpredictions occur mostly over the ocean for both models. During MUMBA, precipitation is underpredicted with an NMB of −47.1% and −56.9% by WRF/Chem and with an NMB of −37.5% and−50.7% by WRF/Chem-ROMS at 27 km resolution over d02 and at 3 km resolution over d04, respectively. As shown in Figure 9 , underpredictions occur mostly over the southern portion of d02 for both models, to the lesser extent for WRF/Chem-ROMS. Underpredictions occur in some land and oceanic areas in the northern portion and some oceanic areas in the eastern portion of d04, to the lesser extent for WRF/Chem-ROMS. These results illustrate improved precipitation resulting from explicit representations of air-sea interactions through coupling of WRF/Chem and ROMS.
Chemical Predictions
The changes in radiative and meteorological variables due to the inclusion of air-sea interactions in WRF/Chem-ROMS can affect chemical concentrations to various degrees. As an example, Figure  S5 and Figure 10 show the absolute differences in the spatial distributions of CO, HCHO, isoprene, OH, O 3 , PM 2.5 , and PM 10 over d04 between WRF/Chem-ROMS and WRF/Chem during the three field campaigns. While the absolute differences are generally within 1 ppb for gaseous species, except CO whose differences may be up to 4.5 ppb, the domain-mean percentage differences are as large as 4.5% for CO, 16.1% for SO 2 , 27% for NO 2 , 9.8% for HCHO, 20.0% for isoprene, 17.3% for terpenes, 15.2% for H 2 O 2 , and 6.1% for O 3 . The domain-mean absolute and percentage differences are 0.03-0.2 µg m −3 and 1.2-7.3% for PM 2.5 , 0.02-0.5 µg m −3 , and 0.6-7.4% for PM 10 , respectively. The absolute and relative differences in these surface concentrations over d04 are larger than the domain mean values, for example, the percentage differences are mostly in the range of ±10% for CO, ±50% for SO 2 , ±30% for NO 2 , ±25% for HCHO, ±60% for isoprene, ±60% for terpenes, ±35% for H 2 O 2 , ±10% for OH, ±10% for O 3 , ±15% for PM 2.5 , and ±12% for PM 10 . The patterns of differences are overall similar for CO, SO 2 , and NO 2 , for isoprene and terpenes, and for HCHO and H 2 O 2 . These differences reflect the net impacts of differences in radiative and meteorological variables on atmospheric chemistry and relevant processes such as dry and wet removals and atmospheric transport. For example, the increased surface CO, SO 2 , and NO 2 mixing ratios in most regions may be caused mainly by the decreased PBLH and OH radicals for SPS2 and the decreased OH radicals for MUMBA. The isoprene mixing ratios increase for SPS1 and MUMBA and decrease for SPS2, which are the responses to the increased T2 for SPS1 and MUMBA and decreased T2 for SPS2. The increased HCHO mixing ratios for SPS1 and MUMBA and the decreased HCHO mixing ratios for SPS2 over land areas are caused by the similar changes in the isoprene mixing ratios. Those over oceanic areas are mainly caused by changes in PBLH and T2. The changes in meteorological variables such as T2, WS10, PBLH, and precipitation and the concentrations of precursors such as HCHO, isoprene, NO 2 , and CO cause the changes in surface O 3 mixing ratios. The Greater Sydney at 3 km (d04)
The S.E. Australia at 27 km (d02)
The Greater Sydney at 3 km (d04) GPCP WRF/Chem-NCSU WRF/Chem-ROMS Figure 9 . Observed and simulated precipitation over southeastern Australia at 27 km (d02) and the Greater Sydney at 3 km (d04) during SPS2 and MUMBA. Two sets of simulation results at 3 km are compared, one from WRF/Chem-NCSU and one from WRF/Chem-ROMS. For all field campaigns, the concentrations of PM 2.5 simulated by WRF/Chem-ROMS are higher than those by WRF/Chem over most regions, resulting from high SO 4 2− and NH 4 + over ocean and higher NO 3 − , EC, and OC over both land and ocean. The changes in WS10 can affect the emissions of sea-salt particles, which will in turn affect PM 10 concentrations. The correlation of changes in WS10 and changes in PM 10 concentrations is strong for MUMBA, because the impact of WS10 dominates over the impacts of other factors for simulated PM 10 concentrations. The increased PM 10 in the coastal areas and ocean for SPS2 is mainly caused by increased PM 2.5 and decreased PBLH. For SPS1, despite increased PM 2.5 and decreased PBLH, PM 10 concentrations decrease slightly mainly because of decreased sea-salt particles resulted from reduced WS10. As shown in Tables 1-3 , the statistical performance of WRF/Chem-ROMS at 3 km resolution in d04 is slightly better for CO, NO, PM 2.5 , and PM 10 for SPS1, CO, O 3 , and PM 10 for SPS2, and NO, NO 2 , O 3 , PM 2.5 , and, PM 10 for MUMBA. Figure 11 compares the temporal variation of simulated daily-average surface concentrations of O 3 and PM 2.5 by WRF/Chem-NCSU and WRF/Chem-ROMS at 3 km at selected sites during MUMBA. Compared to WRF/Chem-NCSU, higher temperatures, biogenic VOCs, HCHO, and CO by WRF/Chem-ROMS lead to higher predicted O 3 concentrations during most days, bringing O 3 predictions into better agreement with observations at all sites (NMBs of −10.1% vs. −15.6%). The role of biogenic VOCs in enhancing surface O 3 in Greater Sydney area has been reported in Utembe et al. [23] . Simulated PM 2.5 concentrations from WRF/Chem-ROMS are also slightly higher during most days at all sites because of higher temperature, higher BVOCs and SO 2 , and lower precipitation predictions, which slightly improves the model performance (NMBs of −43.6% vs. −45.6%).
As shown in Tables 4-6 , WRF/Chem-ROMS gives slightly better performance for column NO 2 and HCHO for SPS1, column NO 2 and TOR for SPS2, and column CO, NO 2 (at 3 km resolution only), and HCHO for MUMBA. NMBs for AOD are slightly lower for WRF/Chem-ROMS at all grid resolutions during SPS1 and at 81 and 27 km resolution during SPS2 but slightly higher at all grid resolutions during MUMBA. AOD predictions from WRF/Chem-ROMS are slightly higher over most areas for SPS2 and MUMBA and over land areas for SPS1 (Figures not shown) , mainly caused by differences in column PM 2.5 concentrations. Table 7 summarizes the normalized mean biases (NMBs) of column and surface chemical predictions from WRF/Chem simulations without and with adjusted BCONs at 81 km (d01), 27 km (d02), 9 km (d03), and 3 km (d04) over the 3 km domain (d04). Figure 12 and Figure S6 compare satellite observed column mass abundances of gases and AOD with those simulated by WRF/Chem-NCSU without and with adjustment of BCONs over Greater Sydney (d04) during SPS1 and SPS2, respectively. The predictions from WRF/Chem-ROMS without and with adjustment of BCONs are similar to those from WRF/Chem-NCSU, thus not shown here. Among all the column variables, the spatial distributions and magnitudes of column CO with adjusted BCONs are obviously improved over all domains. The NMBs in d01 reduce largely from −31.1% to −22.0% for SPS1, from −25.4% to −7.3% for SPS2, and from −26.4% to −17.5% for MUMBA. Similar improvements are found for model predictions at all finer grid resolutions. For example, the NMBs of column CO predictions in d04 reduce largely from −30.5% to −21.3% for SPS1, from −24.9% to −6.8% for SPS2, and from −25.9% to −17.1% for MUMBA. For column NO 2 , NMBs with adjusted BCONs are slightly worse at 81, 27, and 9 km, but slightly better at 3 km for SPS1, slightly better at all grid resolutions for SPS2, and slightly worse at 81km, but slightly better at other finer grid resolutions for MUMBA. For example, the NMBs in d04 reduce slightly from −24.1% to −23.2% for SPS1, from −23.3% to−21.2% for SPS2, and from −14.3% to −12.4% for MUMBA. The simulated spatial distributions for column NO 2 without and with adjusted BCONs are similar, both simulations capture well the hot spots but tend to overpredict the values of these hot spots, but underpredict column NO 2 in other regions. For column HCHO, NMBs are slightly better at all grid resolutions for SPS1 and MUMBA and slightly worse at all grid resolutions for SPS2. The spatial distributions for column HCHO without and with adjusted BCONs are very similar for all field campaigns, with moderate underpredictions for SPS1 and SPS2 and slight underpredictions for MUMBA. For column O 3 , NMBs with adjusted BCONs are slightly better for SPS2 but worse for SPS1 and MUMBA. The spatial distributions of simulated column O 3 without and with adjusted BCONs do not agree with the satellite observations, with slight overpredictions for SPS2 but moderate overpredictions for SPS1 and MUMBA. The O 3 lateral boundary condition is adjusted using a fixed factor throughout all altitudes for each boundary side. More accurate adjustments by considering the shape of O 3 profiles (i.e., altitude weighted adjustment factors) need to be considered in the future work. For AOD, NMBs are better at all grid resolutions for SPS1 and at 81 km and 27 km for SPS2, but slightly worse at all grid resolutions for MUMBA. and SPS2 (right). Two sets of simulation results from WRF/Chem-NCSU at 3 km are compared, one using O3 boundary conditions derived from CESM simulations (Base) and one using O3 boundary conditions constrained by satellite data (Final). The adjusted chemical BCONs can affect surface concentration predictions. For example, NMBs of surface CO and NO predictions over d04 reduce from −46.3% to −44.5% and 17.8% to 6.5% for SPS1, from −33.0% to −30.2%, and 4.9% to −0.1% for SPS2, and from −20.0% to −18.2% and 129.4% to 87.9% for MUMBA, respectively. NMBs of surface O 3 predictions at 3 km resolution over d04 reduce from −21.3% to −5.8% for SPS1, from −9.2% to 4.9% for SPS2, and from −37.8% to −15.6% for MUMBA. NMBs of surface PM 2.5 predictions at 3 km over d04 are slightly better for SPS1 and MUMBA and those of surface PM 10 predictions are slightly better over d04 at all grid resolutions. Figure S7 compares observed temporal variations of surface CO mixing ratios with two sets of surface CO predictions from WRF/Chem-NCSU at 3 km resolution at selected sites during SPS1; one using CO BCONs derived from CESM-NCSU simulations and one using CO BCONs constrained by satellite data. Slight improvement in surface CO predictions is found at all sites. Figure 13 compares observed temporal variations of surface O 3 mixing ratios with two sets of O 3 predictions from WRF/Chem-NCSU at 3 km at selected sites during SPS1 without and with adjusted O 3 BCONs. Using satellite-constrained chemical BCONs for O 3 appreciably improves the performance of O 3 during most days at all sites. Compared to several studies on the importance of chemical BCONs over North America [9, 11] , the magnitude of relative changes in surface O 3 concentrations due to changes in chemical BCONs of O 3 is larger in Australia. For example, Yahya et al. [11] reported changes in the range of NMBs for maximum 8 h mixing ratios from −11.8% to −5.6% in 2006 and −13.0% to −11.1% in 2010 at rural sites and from −2.8% to −1.7% in 2006 and −1.1% to −7.0% in 2010 at urban and suburban sites in the continental U.S., when changing the chemical BCONs based on results from one global model to another. These relative changes are much smaller than those in this work (e.g., adjusted BCONs reduce NMBs of surface O 3 concentrations from −21.3% to −5.8% for SPS1 and from −37.8% to −15.6% for MUMBA) because of lower surface O 3 levels in Australia than those over North America, indicating a more important role of chemical BCONs in the Southern Hemisphere compared to the Northern Hemisphere.
Impact of Chemical Boundary Conditions
Conclusions
As described in the Part I paper, the only difference between WRF/Chem and WRF/Chem-ROMS lies in the fact that air-sea interactions are not treated in WRF/Chem, but are explicitly represented in WRF/Chem-ROMS through a dynamic atmosphere-ocean coupling. As a result, SST is simulated in WRF/Chem-ROMS but prescribed based on RTG_SST analysis data in WRF/Chem. In this Part II paper, the results from WRF/Chem are evaluated using surface observations from the three field campaigns, satellite retrievals, and combined satellite and reanalysis data and compared with those of WRF/Chem-ROMS to assess the impact of air-sea interaction representation on meteorological and chemical predictions. A second objective of this Part II paper is to assess the impact of chemical BCONs used on overall model predictions.
At spatial grid resolutions of 3, 9, and 27 km, compared to WRF/Chem, the explicit air-sea interactions in WRF/Chem-ROMS lead to substantial improvements in terms of performance statistics and spatial distributions in the model's predictability of sea-surface temperature, latent heat fluxes, and sensible heat fluxes over the ocean. For example, the MBs of SST are within ±1 • C for WRF/Chem-ROMS but can be up to ±3.3 • C for WRF/Chem during all three field campaigns. WRF/Chem-ROMS assembles the spatial distributions and gradients of SST, LHF, and SHF much closer to those from OAFlux. The use of finer grid resolutions (3 or 9 km) effectively reduces the biases in SST, LHF, and SHF during SPS1 and SPS2 by WRF/Chem-ROMS, whereas it further increases these biases for WRF/Chem during all field campaigns.
The large differences in SST, LHF, and SHF between the two models lead to different radiative, cloud, and meteorological predictions. For example, over the Greater Sydney area, the percentage differences between WRF/Chem-ROMS and WRF/Chem are −7.3% to 18% for net shortwave radiation, −4.1% to 2.6% for downward longwave radiation, −31.7% to 13.1% for T2, −15.2% to 30.8% for WS10, −37.3% to 73.1% for PBLH, and as large as ±20% for shortwave cloud forcing and ±50% for precipitation.
While WRF/Chem-ROMS gives either similar or slightly worse performance for most radiative and cloud variables, it generally gives better performance in terms of performance statistics and temporal variations for meteorological predictions such as T2, RH2, WS10, WD10, and precipitation, with a few exceptions. For example, during SPS2, the WRF/Chem-ROMS simulation at 3 km reduces NMBs of precipitation from −46.7% to −31.3%, from −48.3% to −33.4%, and from 21.3% to −6.6% against data from OBS, MSWEP, and GPCP, respectively. WRF/Chem-ROMS also better captured heavy precipitation events on 18 April 2012 at Badgery's Creek, Bellambi, Sydney Airport, and Williamtown RAAF during SPS2 and 29January 2013 at Sydney Airport and 2 February 2013 at all sites during MUMBA.
The differences in radiative, cloud, and meteorological predictions, in turn, cause different chemical predictions. For example, compared to WRF/Chem results, the decreased PBLH from WRF/Chem-ROMS may explain in part the increased surface CO, SO 2 , and NO 2 mixing ratios in most regions during SPS2. The increased T2 for SPS1 and MUMBA from WRF/Chem-ROMS lead to higher isoprene and, thus, higher HCHO mixing ratios over land areas. The opposite occurs for SPS2. The changes in WS10 simulated by WRF/Chem-ROMS can affect the emissions of sea-salt particles, which in turn affect PM 10 concentrations. As a result, the percentage differences in surface concentrations are mostly in the range of ±10% for CO, OH, and O 3 , ±25% for HCHO, ±30% for NO 2 , ±35% for H 2 O 2 , ±50% for SO 2 , ±60% for isoprene and terpenes, ±15% for PM 2.5 , and ±12% for PM 10 . Compared to WRF/Chem, WRF/Chem-ROMS can increase the concentrations of O 3 , PM 2.5 , and PM 10 by up to 3.1 ppb, 3.9 µg m −3 , and 10.1 µg m −3 , and decrease them as large as 3.4 ppb, 2.3 µg m −3 , and 8.2 µg m −3 , with domain-mean changes of −1.3 to 0.7 ppb (−6.1% to 4.0%), 0.03-0.2 µg m −3 (1.2-7.3%), and 0.02-0.5 µg m −3 (0.6-7.4%), respectively, for O 3 , PM 2.5 , and PM 10 . The WRF/Chem-ROMS simulations at 3 km resolution slightly improves the statistical performance of surface concentrations of CO, NO, PM 2.5 , PM 10 , column NO 2 and HCHO for SPS1, CO, O 3 , PM 10 , column NO 2 , and TOR for SPS2, and NO, NO 2 , O 3 , PM 2.5 , PM 10 , and column CO, NO 2 and HCHO for MUMBA.
The BCONs of CO, NO 2 , HCHO, O 3 , and PM 2.5 are constrained based on satellite retrievals of column CO, NO 2 , HCHO, O 3 , and AOD, respectively. Compared to WRF/Chem simulations without adjusted BCONs, WRF/Chem simulations with satellite-constrained BCONs improve the spatial distributions and magnitudes of column CO at 81 km over d01, which leads to improvement at 27, 9, and 3 km in d04. For example, the NMBs of column CO predictions in d04 reduce largely from −30.5% to −21.3% for SPS1, from −24.9% to −6.8% for SPS2, and from −25.9% to −17.1% for MUMBA. The use of satellite-constrained BCONs also slightly improves the performance of column NO 2 for SPS1 and SPS2, column HCHO for SPS1 and MUMBA, and TOR for SPS2 at 3 km resolution over d04. The adjusted BCONs reduce the NMBs of surface CO, NO, and O 3 predictions at 3 km over d04 from −46.3% to −44.5%, from 17.8% to 6.5%, and from −21.3% to −5.8% for SPS1, from −33.0% to −30.2%, from 4.9% to −0.1%, and from −9.2% to 4.9% for SPS2, and from −20.0% to −18.2%, from 129.4% to 87.9%, and from −37.8% to −15.6% for MUMBA, respectively. They reduce slightly the NMBs of surface PM 2.5 predictions at 3 km resolution over d04 for SPS1 and MUMBA and those of surface PM 10 Figure S1 : Observed and simulated LHF over southeastern Australia (d02). Two sets of simulation results at 3 km are compared, one from WRF/Chem-NCSU and one from WRF/Chem-ROMS. Figure S2 : Observed and simulated SHF over southeastern Australia (d02). Two sets of simulation results at 3 km are compared, one from WRF/Chem-NCSU and one from WRF/Chem-ROMS. Figure S3 : Absolute differences in simulated radiative variables between WRF/Chem-ROMS and WRF/Chem-NCSU over the Greater Sydney (d04). Figure S4 : Observed and simulated temporal profiles of precipitation at selected sites over the Greater Sydney at 3 km (d04) during SPS2
